The germination ecology of four annual Bromus species, which differ in weediness on arable land in southern Sweden, was investigated. The most problematic species is Bromus sterilis, while Bromus hordeaceus frequently occurs on arable land. In contrast, Bromus arvensis is a rare weed, and Bromus tectorum is found infrequently in fields despite being a widespread ruderal species. Five experiments were conducted to identify germination characteristics that could explain differences in habitat and abundance: (i) intraspecific variation in dormancy level; (ii) germination response to different light conditions; (iii) light and temperature interactions at germination; (iv) timing of seedling emergence; and (v) seed persistence in soil. Bromus sterilis and B. tectorum behaved similarly in all tests. For both these species, there were large differences in dormancy level among populations and strong inhibition of germination by light. In addition, emergence from seeds sown on the soil surface was both delayed and reduced compared with buried seeds. In contrast, B. hordeaceus and B. arvensis showed generally weak dormancy, and germination was only slightly inhibited by light. It was concluded that germination characteristics alone do not explain the differences in weediness between these four species.
Introduction
As cropping systems are changed, the abundance of some weed species might decrease while others increase. In western Europe, there has been a trend towards reduced soil cultivation and increased cultivation of autumn-sown cereal crops . Therefore, it is not surprising that a number of annual, autumn-germinating grass weeds are increasing and subsequently receiving attention. Among the most notorious in European agriculture is Bromus sterilis L. (Pollard, 1982; Eggers, 1990; Mortimer et al., 1993; Peters et al., 1993) .
A general question in weed research is which attributes render some species more likely to become an increasing weed problem under particular circumstances (Milberg et al., 1999) . This study focuses on four annual Bromus species that can be ranked according to how Bromus sterilis has become an important and increasing weed problem in the UK since the 1970s because of reduced soil cultivation and an increased area of winter cereals (Pollard, 1982; Mortimer et al., 1993; Peters et al., 1993) . During the last two decades, B. sterilis has been recognized as a weed problem in the south of Sweden (Kraft, 1987; Hallgren, 1994) . Bromus hordeaceus has only recently been noticed as a serious, increasing grass weed on arable land in the UK (Mortimer et al., 1993) . In 1998, this species was frequently seen in arable fields in southern Sweden (L Andersson, unpubl. obs.) . Bromus tectorum is one of the most troublesome weed species in winter wheat in the central Great Plains in the USA (Wicks, 1997) . However, in Sweden, B. tectorum is rarely found in arable fields, although it is a relatively common species in ruderal areas, on road verges and along railway lines (Kraft, 1987; L Andersson, unpubl. obs.) . Bromus arvensis was a weed on arable land in Sweden in the 18th century (Almquist, 1965) . Today, it exists only in a few fields in Sweden, mainly in the provinces of Ska˚ne and Gotland, where it is abundant. It is also reported to be decreasing in other countries in Europe (Eggers, 1990; Ingelo¨g et al., 1993) .
All four species have been part of the Swedish flora for centuries, so there has been ample opportunity for all to become established as weeds in modern agriculture. Attributes in their biology should explain their ability/ inability to fit into the prevailing cropping system in southern Sweden. The present study focused on the germination biology of these species for the following reasons. First, dormancy and germination characteristics enable populations to survive as seeds for several years (Baker, 1974) . The formation of a persistent seedbank is typical for most of the successful arable weed species in temperate climates. Secondly, primary and secondary seed dormancy helps to adjust germination to the appropriate season and to avoid germination during short periods of favourable conditions within periods unsuitable for growth. Thirdly, the time and place of germination is a crucial factor. For many species, and especially for those that have small seeds (Milberg et al., 2000) , light serves as a germination trigger that enables the seed to germinate at an optimal time and depth.
However, none of these three germination attributes of a successful weed (persistent soil seedbank, strong primary or secondary dormancy and germination requiring light) seems typical of these four Bromus species. On the contrary, most reports suggest that their seeds do not persist in the soil for long (Milberg, 1990; Thompson et al., 1997) . Salzmann (1954) buried seeds from all four species, and only a few seeds of B. tectorum survived the first year. Later experiments have confirmed these observations (Budd, 1981; Froud-Williams et al., 1984; Roberts, 1986; Wicks, 1997) , although a few seeds of B. hordeaceus have survived more than 1 year (Lewis, 1958; Roberts, 1986) . Primary seed dormancy is weak and/or short-lived in B. sterilis, and seedlings emerge over a relatively short period in the autumn (FroudWilliams, 1981) . However, a few populations have been found to have stronger primary dormancy (Peters et al., 1993 (Peters et al., , 2000 . Relatively stronger primary dormancy has been shown for B. hordeaceus, but with large variations among populations and a rapid decrease in dormancy level caused by after-ripening (Jain, 1982) . Additionally, light inhibits the germination of B. sterilis (FroudWilliams, 1981; Hilton, 1984; Peters et al., 2000) , and increasing photon fluence reduces germination in B. sterilis and B. hordeaceus (Ellis et al., 1986) . Mortimer et al. (1993) showed that this 'dark requirement' for germination is not overcome by any other germinationinhibiting factor in the field. They reported close to 100% emergence of B. hordeaceus after burial at 10 cm. Similarly, Wicks (1997) recorded fewer ungerminated seeds of B. tectorum in the soil than when seeds had been placed on the surface. Hence, the four Bromus species studied here do not seem to fulfil the three 'requirements' of a typical weed mentioned above. Nevertheless, germination parameters are subject to large intraspecific variation , and small differences in test conditions can make comparisons between studies unreliable (Baskin & Baskin, 1998) . Therefore, detailed comparisons of species are best made when seeds have been tested in parallel and under identical conditions.
Five experiments were designed to characterize the germination ecology of four Bromus species. It was expected that such characterization would help to explain the distinction between weedy and non-weedy species and, possibly, indicate the potential of these species to become, or increase as, noxious weeds in different cultivation systems. The study was intended to address five questions: (1) Are there differences in the dormancy level between seeds collected from different sites? Considerable intraspecific variability has been shown in many species , including B. tectorum (Milby & Johnson, 1987; Beckstead et al., 1996) and B. sterilis (Peters et al., 2000) , and could be important when forecasting the timing and amount of seedling emergence. (2) What is the germination response to different light conditions? If seeds do not germinate in light, burial by soil cultivation will trigger germination. However, if the germination response varies depending on photon fluence, the timing of germination will be more complex. (3) What is the germination response to different temperatures and possible interactions with light? (4) When do seedlings emerge in the field? The answers to these questions may be of great importance in conjunction with timing of soil cultivation (Anderson, 1996) . (5) To what extent do the seeds persist in the soil? Species with seeds unable to accumulate in the soil can be relatively easily controlled by, for example, fallowing, growing a short-term grass sward or altering the sequence or composition of crops in the rotation.
Materials and methods

Seed material
Caryopses, referred to as seeds throughout this article, of B. sterilis, B. hordeaceus and B. tectorum were collected on 13-15 July 1998 in the province of Ska˚ne in the south of Sweden (Table 1) . Because seeds of B. arvensis matured later, they were collected on 4 August from three sites in Ska˚ne (Table 1) .
Fully matured seeds were collected by shaking panicles in a bucket. The seeds were subsequently dried and stored at room temperature (20 ± 2°C) until the experiments started or for a maximum of 3 weeks.
In all germination tests, a radicle length of 2 mm was the criterion for germination. Firm seeds with no or little mould growth were considered to be viable.
Experiment 1a and 1b. Intraspecific variation in primary dormancy level Twelve days after collection, seeds from six populations of B. sterilis and B. hordeaceus and five populations of B. tectorum were subjected to this experiment, arranged as a completely randomized design. Bromus arvensis was not included because its seeds were not mature at this date. In Expt 1a for each species (three), population (five or six), treatment (two) and replicate (three), 50 seeds were placed in a Petri dish (90-mm diameter) on double filter papers (Munktell Filter, Grycksbo, Sweden; 1003) wetted with 4.5 mL of deionized water. Half the Petri dishes were immediately wrapped in double layers of aluminium foil (dark treatment), whereas the rest were sealed with parafilm (light treatment). The Petri dishes were placed in a germination incubator with a diurnal 12-h dark/12-h light regime at 14/6°C. The light period coincided with the high temperature and had a photon irradiance rate of 90 lmol m )2 s )1 , R:FR ¼ 1.4. Light sources were four cool white fluorescent tubes (GTE Sylvania, USA; 110 W) and two light bulbs of tungsten filament type (Aura, Sweden; 90 W). For Expt 1b, three batches of 50 seeds, placed in Petri dishes as described above, from one population of each species were subjected to a dark treatment at a higher temperature regime (21/11°C for 12 h/12 h). Germinated seeds in the light treatment were counted and removed every third day. The germination test was terminated after 3 weeks, when germination in the dark treatment was registered.
Experiment 2. Germination in different light regimes
Seeds from two populations of each of the four species (Table 1) were stored for 3 weeks at 20 ± 2°C followed by 2 weeks at 3 ± 1°C before the start of this experiment. For each species (four), population (two), treatment (four) and replicate (three), 50 seeds were placed in a Petri dish (90-mm diameter) on double filter papers (Munktell 1003), wetted with 4.5 mL of deionized water.
Half the Petri dishes, intended for darkness treatment or short exposure to light followed by darkness, were immediately wrapped in double layers of aluminium foil. The rest, intended for two light treatments, were sealed with parafilm. All Petri dishes were placed in a germination incubator with a diurnal (12 h/12 h) temperature (17/7°C) and light/dark regime, arranged as a completely randomized design. The light period coincided with the high temperature. Light sources were the same as in Expt 1. Dishes in one of the two light treatments, hereafter referred to as 'unshaded', were exposed to a photon irradiance rate of 90 lmol m
Dishes in the other light treatment ('shaded') received 10 lmol m )2 s )1 achieved by placing them » 10 cm below three layers of mosquito net. This did not change the R:FR ratio. The day after the start of the experiment, Petri dishes with seeds intended for the short light exposure were unwrapped in total darkness. The lids were removed and the seeds exposed to 1 s of light with a photon fluence rate of 220 lmol m )2 s )1 from a xenon bulb (Osram XBO 150 W/1; R:FR ¼ 0.8). The light exposure was regulated with a camera shutter. The Petri dishes were then wrapped in aluminium foil and placed in the germination incubator. Germinated seeds in unshaded and shaded Petri dishes were counted and removed every third day. The germination test was terminated after 2 weeks, when germination was recorded in the treatments in darkness and receiving short exposure to light.
Experiment 3. Light and temperature interaction
Seeds from two populations of each of the four Bromus species were tested in this experiment, arranged as a split plot design. The seeds were first dried and stored for 3 weeks at 20 ± 2°C, then stored at 3 ± 1°C until the start of the experiment on 28 October. Seeds that were not used in the first experimental run were stored in paper bags at )18°C in a freezer to minimize any subsequent change in dormancy or viability (Ellis et al., 1989) . Seeds were removed from the freezer at least 24 h before the onset of experiments to avoid any damage that could have been caused by rapid imbibition at high temperatures.
The interaction between light and temperature was investigated in a thermogradient incubator (Rubarth Apparatebau, Laatzen, Germany). This incubator has 12 parallel chambers (500 mm · 24 mm · 25 mm) cut in an aluminium block. The chambers are covered with lids of transparent polycarbonate and sealed with rubber rings. Seeds were placed on water-saturated filter paper strips (Schleicher & Schu¨ll, no. 595 ) resting on a layer of polyethylene granules. Deionized water was added to the chambers until the granules and the filter paper were just afloat, but not inundated. The construction principles of this type of incubator have been described in detail by Ekstam & Bengtsson (1993) .
The incubator was equipped with four tubes mounted in the incubator lid providing warm white fluorescent light (Osram 30S, 20 W, R:FR ¼ 12). Photon irradiance rates were adjusted by means of a dimmer to » 10 lmol m )2 s )1 (weak light treatment) and 120 lmol m )2 s )1 (strong light treatment) at seed level.
Fourteen hours of light per day were provided in the experiments. In the dark treatment, the lids were covered with a double layer of light-impermeable black material. Batches of 40 seeds of each species (four), population (two), light treatment (three) and replicate (three) were sown at six different positions in each of the 12 chambers of the thermogradient incubator. The positions represented temperature regimes of 8/0°C, 11.4/3.4°C, 14.8/ 6.8°C, 18.2/10.2°C, 21.6/13.6°C and 25/17°C. Maximum and minimum temperatures were each kept constant for 6 h, and heating and cooling periods were of the same duration. The light period (14 h) started 1 h before the onset of the heating period and ended 1 h after the start of the cooling period. Seed batches from each population were distributed randomly in the chambers, resulting in three replicates of each population at each temperature regime. Experiments were terminated after 21 d. Because of the limited space in the incubator, each light treatment was run separately with two species at the same time. Thus, there was a total of six experimental runs, extending over a period of 6 months. Germinated seeds were counted and removed every day, with counts in the dark treatment made using a dim green light. When calculating the germination percentage, dead seeds were excluded from the analysis.
Experiment 4. Timing of seedling emergence
This experiment started on 6 August (B. hordeaceus, B. sterilis and B. tectorum) and 28 August (B. arvensis), i.e. 22-24 d after seed collection. The experiment included two populations each of the four species (Table 1) and was arranged as a randomized complete block design. For each species (four), population (two), treatment (three) and replicate (three), 100 seeds were placed in a plastic pot (volume 1.7 L, diameter 160 mm, height 117 mm) filled with a commercial potting soil ('Krukva¨xtjord med lera och kisel'; Svalo¨v Weibull Tra¨dga˚rd, Hammenho¨g, Sweden). The pots were buried in the soil at Lo¨nnstorp Experimental Farm (13°07¢ E, 55°40¢ N) in southern Sweden, so that 20 mm of the pots were above the soil surface. The soil around the pots was covered with four layers of white plastic (0.15 mm) to reduce the need for weed control. The pots were filled with soil so that, after gentle compaction, the surface was 45-50 mm below the rim of the pot. Seeds were then placed on the soil and covered with an additional 25-30 mm of soil. Thus, the soil surface in the pots was level with the surface of the surrounding soil. However, the seeds in the pots belonging to the 'surface-sown' treatment were not covered. To prevent interference from birds, while avoiding the shading effect of a fine mesh net, the pots were covered with chicken wire (mesh size 20 mm) for » 3 months. Although not totally safe, this was estimated to be sufficient considering the short duration of the experiment.
The treatments were as follows: (i) 'covered' (seeds covered with soil); (ii) 'stirred' [as (i) but the soil was stirred on 25 September 1998]; and (iii) 'uncovered' (seeds sown on the surface). The pots were arranged in three blocks, each containing four rows of randomly arranged pots.
Seedlings were counted and removed on 26 August, 7 September, 25 September, 23 October and 4 December 1998.
Experiment 5. Seed persistence in soil
Three weeks (B. arvensis) or 5 weeks (B. sterilis, B. hordeaceus and B. tectorum) after collection, seeds from two populations per species were buried at three different depths in soil (Table 1) . This was done to ensure that seeds of all species had the same duration of after-ripening at 20°C before sowing. The experiment was arranged as a randomized complete block design. For each species (four), population (two), test date (three), depth (three) and block (three), 50 seeds were put into fine-mesh polyester bags (» 50 mm · 50 mm). One bag per population was placed at each of three depths (20, 100 and 180 mm) in nine plastic boxes (395 mm · 290 mm, height 225 mm) with drainage holes. The boxes were filled with the potting soil described above and buried, with the soil surface in the box level with the surrounding soil surface, at Lo¨nnstorp Experimental Farm. On 8 April, 5 August and 28 October 1999, three boxes with 150 seeds per depth and population in total were exhumed, and the non-germinated seeds were counted. These seeds were put on wet filter paper in Petri dishes (as described above), which were placed in a germination incubator with a diurnal (12 h/12 h) temperature regime (21/ 11°C) in darkness. The number of germinated and viable seeds was assessed after 1 month.
Statistical analyses
Differences in germination among species, populations, light treatments within populations, and interactions between those factors, were tested by categorical data analysis of the number of viable seeds germinating, using the GENMOD (Expts 1 and 2) and CATMOD (Expt 4) procedures (SAS Institute, 1989) . In all three cases, a logit analysis was performed, assuming binomial distributed data and a logit link function. In Expts 1 and 2, differences between treatments were tested by modelling the number of germinated seeds as a function of species, population nested within species, light conditions and the interaction between these factors (Freeman, 1987) . In addition, the effect of temperature in Expt 1 was tested using the function of species and temperature for one population per species. For Expt 4, the number of germinated seeds was modelled as a function of population and treatment (seeds in unstirred soil, in stirred soil and sown on surface) and the interaction between these factors. The analysis was carried out on the number of seedlings that had emerged 1 and 4 months after sowing. Owing to limitations of the model, values of zero germination were set to 0.01.
In Expt 3, the effect of light and temperature on the final germination percentage was analysed using a linear model with hierarchical error structure (mixed-model analysis) available in the SAS procedure MIXED (Littell et al., 1996) . As the species were not chosen randomly (i.e. inference can only be made for the four Bromus species chosen), they were treated as fixed factors. Populations were considered as random factors, which allowed the estimation of the error component, i.e. to compare the variability between populations and within a population. The factor 'light' was integrated in the analysis as a categorical variable and 'temperature regime' as a quantitative variable. Equal distances between the six temperatures enabled the application of a regression approach. To achieve better distribution properties, data were arcsin transformed before analysis. To increase the discriminating power of the model, B. hordeaceus was omitted from the analysis because of its near-complete germination in all treatments.
Results and discussion
Experiments 1a and 1b. Intraspecific variation in primary dormancy level Differences among species, populations within species and light treatments were all significant. In addition, there were interactions between population and light (Table 4 ). Population differences were apparent in B. hordeaceus in light (39-85% germination) but were small in darkness because of high germination percentages (Table 2 ). In contrast, population differences were substantial in darkness for B. sterilis (24-96%) and B. tectorum (1-99%), but undetectable in light where germination was negligible (Table 2) .
For the three populations tested in two temperature regimes in the dark (Expt 1b), significance was shown for both main effects as well as for the speciestemperature interaction (Table 4 ). In the most dormant population of B. tectorum, germination was substantially larger in the higher than in the lower temperature regime (36% vs. 1%; Table 2 ).
Variation in dormancy among populations has been shown in earlier studies for B. sterilis (Peters et al., 1993 (Peters et al., , 2000 and for B. tectorum (Meyer & Allen, 1999).
Experiment 2. Germination in different light conditions
Over all populations, germination differed among light treatments but with significant interactions for populations · light and species · light (Table 4) . Light inhibited germination especially in B. sterilis and B. tectorum. Germination percentages of the two species decreased from between 76% and 100% in darkness and between 81% and 100% with short exposures to light to 4-57% in shaded light and 0-10% in unshaded light (Table 3) . Only a weak response to unshaded light was seen in B. arvensis, and there was no response in B. hordeaceus. Differences among populations within species were significant (Table 4) .
The inhibiting effect of light on germination in B. sterilis shown here supports other reports of this phenomenon. In an experiment with white light, a photon increase above 10 )3 mol m )2 d )1 at 15°C prevented the germination of an increasing proportion of B. hordeaceus 2 92 ± 4 100 100 99 ± 1 6 99 ± 1 100 100 100
B. sterilis 5 10 ± 9 46 ± 14 100 96 ± 2 6 0 11 ± 11 94 ± 1 96 ± 0 B. tectorum 1 8 ± 2 57 ± 9 100 100 5 0 4 ± 2 81 ± 2 76 ± 9 respectively. Germination of B. hordeaceus was increasingly inhibited by photon irradiance above 10 et al., 1986) . However, no such effect was evident in the present experiment. This might be explained by the longer period of after-ripening in our experiment or differences in the length of the photoperiod. However, as indicated by the results here, in some cases, there are differences in dormancy among populations, which appear to be exhibited as differences in light response.
Experiment 3. Light and temperature interaction
The estimates of the variance components in the mixed model were 0.044 (SD ¼ 0.0367) for the between-population variance and 0.037 (SD ¼ 0.003) for the error variance, which denotes the within-population differences. Thus, the between-population variance constituted 54% of the overall variance. The high SD of the between-population variance component results from only two replicates (i.e. populations) being available for each species. Hence, these values show that considerable within-species variations in dormancy may occur, but they do not allow us to assess the relative importance of the variation among populations. The effects of light and temperature on the final germination were highly significant, whereas differences among species were only slightly significant (Table 5 and Fig. 1) . Results indicate that germination of seeds exposed to strong light was generally lower than that in darkness or under weak light, and a generally lower germination percentage was achieved at the low than at the high temperatures. Despite this, the major fraction of seeds of all species germinated over a range of temperatures that may occur from summer to late autumn in the south of Sweden. Hilton (1984) found the optimal constant temperatures for germination of B. sterilis to be in the range 13-23°C, with germination delayed at both lower and higher temperatures.
No significant interaction effect occurred between species and light, i.e. species responded in a similar way to different light levels, or population differences within a species were apparently larger than those among species. However, germination was lowest in all species in strong light, whereas germination responses to the weak light and darkness showed no consistent differences (Table 5 and Fig. 1) .
Germination percentages were close to 100% for all experimental conditions for B. hordeaceus, and only in the light treatments at the lowest temperature regime did some of the seeds remain ungerminated after 3 weeks (Fig. 1) . Similarly, only small differences among treatments were apparent in B. arvensis. Germination percentages were slightly lower under strong light conditions at the two lowest temperatures (Fig. 1) .
Differences in the germination percentage were large among the two populations of B. sterilis, except at 8/0°C, where few seeds germinated in either population regardless of light conditions. The germination percentage was much lower in population 6 than in population 4, especially in strong but also in weak light (Fig. 1) . The inhibiting effect of light was stronger at low than at high temperatures, which is in agreement with the results shown by Hilton (1984) .
Bromus tectorum showed the highest overall dormancy level of all species and considerable between-and within-population differences. High germination percentages in weak light and darkness were attained only at the three highest temperatures (Fig. 1) . As shown earlier by Hulbert (1955) , the inhibiting effect of light was reduced at higher temperatures.
Experiment 4. Timing of seedling emergence
For B. sterilis, there was a substantial delay in germination of surface-sown seeds. In addition, differences were large between treatments on both dates analysed. In the least dormant population (5), emergence reached the same level as in buried seeds after » 7 weeks. Emergence was delayed in population 6 in all treatments, and this was especially so for the uncovered seeds. This treatment did not achieve more than 57% emergence in total, whereas the other treatments approached 100%. Population by treatment interactions were highly significant at both 1 and 4 months after sowing (Table 6 and Fig. 2) .
Bromus hordeaceus emerged quickly with small, but significant differences between treatments. Three weeks after sowing, seedlings from 87% to 95% of sown seeds had emerged in all treatments (Table 6 and Fig. 2) .
Differences between treatments were also significant for B. tectorum on both dates. Especially in the most dormant population (5), total emergence from uncovered seeds was low. In addition, emergence of uncovered seeds was substantially delayed compared with the other treatments. Interaction between population and treatment was significant 4 months after sowing but not after 1 month (Table 6 and Fig. 2) .
Bromus arvensis reached close to final emergence 2 weeks after sowing with only minor differences between treatments 1 month after sowing. Emergence for population 2 was less than that for population 1 and did not exceed 80% in any treatment (Table 6 and Fig. 2) . The delay in germination of uncovered seeds was substantial for B. sterilis and B. tectorum (Fig. 2) . It is possible that moisture availability on the surface was too low to allow imbibition; however, neither B. arvensis nor B. hordeaceus exhibited such a delay. Also, in a similar experiment, Froud-Williams (1981) found reduced germination of surface-sown B. sterilis seeds irrespective of moisture treatment. Thus, it is more likely that the delay was caused by light inhibiting germination, as suggested by the results in Expts 1a and b, 2 and 3.
The results regarding B. sterilis and B. tectorum showed that: (i) some populations can have stronger initial dormancy (Table 2) ; and (ii) seedlings from such populations will emerge over a relatively extended period in the autumn (Fig. 2) , and possibly to some extent in the following spring. Both these conclusions are in accordance with the findings by Peters et al. (2000) in a similar experiment with B. sterilis.
Bromus tectorum population 5 was the most dormant population when tested 2 weeks after seed collection (Table 2) . Nevertheless, after one more week at room temperature, germination had increased (Table 3 ) and, when sown in the field, » 45% of the uncovered seeds had emerged 50 d after sowing (Fig. 2) . This suggests a rapid after-ripening in this species, as shown previously in North America (Christensen et al., 1996) .
Experiment 5. Seed persistence in soil
No viable seeds were detected after burial for 8 months. However, in seeds buried for 12 months, one seed each of B. hordeaceus and B. tectorum germinated, whereas one seed of B. arvensis was considered viable without germination occurring. The corresponding figures after 15 months were one viable seed each of B. tectorum and B. arvensis. In all cases, the viable seeds were found among those buried at 20 mm. This is largely in accordance with the results of Burnside et al. (1996) , who showed that only 1-2% seeds of B. tectorum persisted for more than 1 year when buried at 20 cm depth. et al., 1995) . For example, the lower the level of dormancy, the wider the range of temperature within which germination occurs (Baskin & Baskin, 1983) . Likewise, sensitivity to short light exposures has been reported to change as dormancy changes (Cone et al., 1985) . Also, changes in light requirement over the year were found in seeds that had been buried in soil outdoors and tested for germination monthly (Milberg & Andersson, 1997; Andersson, 1999) . In the experiments presented here, seeds from all species germinated at a very high percentage in darkness in high and intermediate temperature regimes. However, at low temperatures, differences between species and populations became apparent. Particularly in B. sterilis and B. tectorum, the response to temperature was a good indicator of differences in dormancy among populations (Fig. 1) . In addition, the differences in the level of dormancy among populations that were revealed under suboptimal temperature conditions (Table 2) were also detectable in light treatments. Throughout the experimental series, populations showing poor germination at suboptimal temperatures were also found to be the ones most strongly inhibited by light. For B. sterilis, the germination/emergence percentage was higher at a low temperature or in light (Table 3 , Figs 1 and 2) in populations 4 and 5 than in population 6. For B. tectorum, the same was true for populations 1, 2 and 4 compared with population 5.
Thus, it appears that the inhibiting effect of strong light on the germination of B. sterilis and B. tectorum is dependent on the level of dormancy, which varies among populations and, probably, among years. As for factors known to stimulate germination, for example nitrogen, temperature and short light exposures, the critical level for light inhibition is not fixed but conditional. This explains the sometimes large variations among populations.
Conclusion
Unlike most annual weed species in temperate zones, all four species tested were characterized by a shortpersisting and weak dormancy and a germinationinhibiting effect from light of high irradiance and long duration. Despite these similarities, two pairs were clearly distinguished: B. arvensis and B. hordeaceus showed extremely weak dormancy with close to total germination in most environments tested. In contrast, B. sterilis and B. tectorum had stronger dormancy and large variations in dormancy among populations. As a consequence of the stronger dormancy, light had an inhibiting effect on germination and emergence. In a field situation, these characteristics would be an ecological benefit, which would enable seeds to remain ungerminated until sowing of the crop and therefore prevent seedlings from being killed during seedbed preparation. This would be the case especially in a cropping system in which seeds are left on the surface, i.e. with no or minimum tillage. This is also part of the explanation given for the spread of these two species in Europe (Peters et al., 1993) and in North America (Wicks, 1997). Also, the inhibition of germination in some seeds, especially those left on the surface, might be enough to ensure the survival of the population during years, as for example when a summer annual crop interrupts a sequence of winter annual crops. In addition, a very small proportion of buried seeds might persist for several years in the soil, as shown by Burnside et al. (1996) for B. tectorum. In general, all four species studied are characterized by short persistence in the soil seedbank and can only constitute a weed problem in crop rotation systems with a large proportion of autumn-sown crops. Another reason for this might be the failure of plants emerging in spring to flower before harvest, as shown for B. sterilis (Froud-Williams, 1983) . No simple, mutual attribute was identified in this study that could explain why B. tectorum and B. arvensis are not problematic weeds in the prevailing cropping system in the south of Sweden. It is difficult to explain why B. tectorum, with similar characteristics to B. sterilis as regards level of dormancy, response to light and pattern of emergence, seems to be absent from agricultural fields in Europe. Therefore, it is likely that other aspects of these species' biology are important, such as competitive ability and/or the phenology of growth, flowering and seed set. A striking attribute of B. arvensis was that its seeds matured 3-4 weeks later than those of the other species, which might have implications for its establishment as an agricultural weed. Also, the indication that the inhibiting effect of light is a consequence of the level of dormancy makes it important to stress that the differences shown between species are not definite. Despite several populations being tested per species, it is possible that similar experiments with a larger number of populations or repeated in another year would change the ranking order of the species as regards level of dormancy. It has, for example, been shown in earlier studies that some populations of B. hordeaceus are characterized by stronger dormancy (Jain, 1982) . This would probably also change the pattern of emergence and sensitivity to light. Finally, it is worth pointing out that B. sterilis and B. hordeaceus are able to grow in field boundary grass swards dominated by perennial species and that these boundaries can function as a refuge during periods of unfavourable cropping conditions. In contrast, B. tectorum and B. arvensis seem to require a disturbed or open habitat, reducing their potential distribution and dispersal in an agricultural landscape.
